Bradyrhizobium japonicum strain L0501 is a TnS-induced mutant that does not express the terminal oxidase cytochrome aa3 (cytochrome-c oxidase, EC 1.9.3.1). Two and one-half kilobase pairs of L0501 genomic DNA that flanks the transposon was isolated and used as a hybridization probe to obtain the wild-type gene from a cosmid library. Two subcloned fragments from two of the isolated cosmids were ligated into broad host range vectors, and restriction maps of these fragments were generated. The resultant plasmids, pCA1 and pBL33, each contained DNA homologous to that mutated in strain L0501. The two plasmids were each introduced into strain L0501 by conjugal transfer, and it was found that pCA1, but not pBL33, complemented the oxidase mutant. The transconjugant strain L0501[pCA1] expressed wild-type levels of cytochrome aa3, as discerned spectrophotometrically, and had restored NN,N',N'-tetramethyl-p-phenylenediamine oxidase activity. Furthermore, the frequency of complementation of L0501 cells that received pCA1 by coWugation was 1.0, demonstrating that pCA1 complemented the mutant in trans.
conjugant strain L0501[pCA1] expressed wild-type levels of cytochrome aa3, as discerned spectrophotometrically, and had restored NN,N',N'-tetramethyl-p-phenylenediamine oxidase activity. Furthermore, the frequency of complementation of L0501 cells that received pCA1 by coWugation was 1.0, demonstrating that pCA1 complemented the mutant in trans.
The results show that pCA1 contains the entire wild-type gene that was mutated in strain L0501, and this gene is required for cytochrome aa3 expression.
Cytochrome aa3 (cytochrome-c oxidase, EC 1.9.3.1) is an intensely studied enzyme found in virtually all physiological groups of aerobic bacteria (1) , and it is the sole cytochrome oxidase found in the mitochondria of most eukaryotes. Cytochrome aa3 catalyzes the reduction of molecular oxygen to water as the last step of the ATP-generating electron transport system. In prokaryotes, cytochrome aa3 is usually expressed along with another oxidase, each having a different affinity for 02, and thus making these bacteria very adaptable to fluctuations in the environment. Furthermore, expression of the bacterial cytochrome aa3 is highly regulated, and its synthesis can depend on the 02 concentration or the availability of a particular oxidizable substrate (2) .
The prokaryotic cytochrome aa3 has been purified from Paracoccus denitrificans (3), Nitrobacter agilis (4), Rhodopseudomonas sphaeroides (5) , Bacillus subtilis (6), Thermus thermophilis (7) , and the thermophilic bacterium PS3 (8) ; there is a considerable body of knowledge about it with respect to subunit composition, metal content, ligand-binding properties, and its relatedness to the more complex eukaryotic oxidase. However, there is essentially no genetic information available regarding cytochrome aa3 in any bacterium, with the exception of the characterization of some mutant strains that fail to express the oxidase (9, 10) . A genetic basis of understanding cytochrome aa3 expression is highly desirable since this oxidase is rigorously regulated, and its functional and evolutionary relationship to the eukaryotic oxidase is of extreme interest.
Cytochrome aa3 is expressed in aerobic, free-living cultures of Bradyrhizobium japonicum (11) but is not synthesized in bacteroid cells from N2-fixing soybean root nodules (12) . Although this rule holds true for symbiotic N2 fixers of the genera Rhizobium and Bradyrhizobium as a whole, there are reports that cytochrome aa3 is retained in Bradyrhizobium lupini (13) and Rhizobium leguminosarum (14) bacteroids from ineffective (non-N2 fixing) nodules and from effective nodules of several rhizobial strains (15) (16) (17) . These data suggest that the expression of cytochrome aa3 in the rhizobia may be regulated by unique factors, in addition to those that regulate it in other aerobes.
In the present study, a 7.7-kilobase-pair (kb) DNA fragment was isolated from the B. japonicum genome that contains a gene that codes for a diffusible product necessary for cytochrome aa3 expression.
MATERIALS AND METHODS
Chemicals and Reagents. All chemicals were reagent grade and were obtained from Sigma or from J. T. Baker Chemical (Phillipsburg, NJ). All enzymes for biochemical manipulations of DNA were obtained from Boehringer Mannheim, except for DNase I and DNA polymerase I used for nicktranslations of DNA, which were purchased from Bethesda Research Laboratories. [a-32P]dCTP was purchased from New England Nuclear. Nitrocellulose filter paper was obtained from Schleicher and Schuell. SeaKem agarose was purchased from FMC (Rockland, ME).
Bacteria and Plasmids. B. japonicum strain LO is a nalidixic acid-resistant (Nall) derivative of strain USDA DES 122 and is the wild-type strain in the present study. Strain LO501 is a TnS mutant of LO that does not express cytochrome aa3; it is Nall kanamycin-resistant (Kmr) streptomycin-resistant (Sm'). Strains LO and L0501 have been described (9) . Escherichia coli strain HIB101 was used for plasmid constructions and maintenance. pLAFRi (18) and pVK102 (19) are broad host range cloning vectors derived from pRK290 (20) . All three plasmids carry the tetracycline-resistance gene, and pVK102 also codes for kanamycin resistance. pRK2013 is a helper plasmid of pLAFRi and pVK102; it carries the conjugal-transfer functions of plasmid RK2 (20) .
Media. E. coli strains were routinely grown at 37°C in LB medium (21) containing the appropriate antibiotic. B. japonicum strains were grown in YEM (22) (9) .
Abbreviations: r, resistant; s, sensitive; Km, kanamycin; Tc, tetracycline; Nal, nalidixic acid; Me2PD, NN-dimethyl-p-phenylenediamine; Me4PD, N,NN',N'-tetramethyl-p-phenylenediamine.
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Small-scale plasmid isolations were performed by the alkaline lysis method as described (21 , and transconjugants of LO501 were tested for Me4PD-dependent respiration as described for cell-free extracts (9) . The specific activity of Me4PD oxidation by LO whole cells was consistently lower than in cell-free extracts, but the differences between LO and LOS01 were still easily discernible. The decreased activity in whole cells may be related to the permeability of the cell membrane for Me4PD.
Cytochrome Spectra. Absorption spectra of cell-free extracts were obtained with a Hitachi-Perkin-Elmer model 557 scanning spectrophotometer as described (9) .
Protein Determinations. Cell-free extract protein concentrations were determined by the dye-binding method of Bradford (24) . Whole cell protein was determined by boiling the samples in 0.75 M NaOH for 15 min and measuring protein with the bicinchoninic acid protein assay reagent from Pierce Chemical.
RESULTS
A TnS-induced cytochrome aa3 mutant of B. japonicum was isolated based on its inability to catalyze the oxidation of Me2PD and a-naphthol to form an indophenol blue compound (9) . This mutant strain, LO501, does not express cytochrome aa3 in free-living culture, as discerned by the missing peak at 602 nm of the absorption spectra of cell-free extracts (Fig. 1) . Since the mutation is due to a single TnS insertion (9) , it was possible to isolate DNA fragments of strain LO501 containing the mutated gene. The single EcoRI fragment of the LO501 genome that contained the TnS insert was isolated and cloned into pBR322 as described in Materials and Methods. The resulting recombinant plasmid, pEH6, contained TnS flanked by 2.5 kb of B. japonicum DNA. Almost the entire TnS was excised from pEH6 with Hpa I to create the plasmid pEH6dHpa; the EcoRI insert of this new plasmid was comprised almost entirely of B. japonicum DNA. The isolated EcoRI insert of pEH6dHpa was used as a hybridization probe to obtain the wild-type gene from a B. japonicum cosmid bank.
Two cosmids, pOXI7 and pOXI9, were isolated from the bank that contained 17.6 and 26.2 kb of insert DNA, respectively ( Fig. 2) , including a 2.5-kb EcoRI fragment that hybridized to the pEH6dHpa insert (Fig. 3) . The same 2.5-kb EcoRI fiagment was found in total genomic DNA of strain LO, as discerned by hybridization, and the homologous DNA of the strain LOS01 genome and of pEH6 was found in an 8.1-kb EcoRI fragment (Fig. 3) ; the larger hybridizing fragment in the latter samples could be accounted for by the Tn5 insertion.
Isolation and Analyses of Subcloned Fragments of pOXI7 and pOXI9. pOXI9 contained a single Xho I fragment that hybridized to the pEH6dHpa insert; this fragment did not include any vector DNA, as discerned by Southern hybridization experiments (data not shown). This 5.6-kb Xho I fragment was cloned into pVK102 to create pBL33 (Fig. 2) . A 7.7-kb DNA fragment from pOXI7 was obtained by partial digestion with EcoRI and cloned into pLAFR1 to create pCA1 (Fig. 2) . pCA1 and pBL33 contained the entire 2.5-kb EcoRI fragment homologous to the pEH6dHpa insert. A restriction map of pCA1 and pBL33 (Fig. 4) was constructed from partial and double digestions of the plasmids with EcoRI and Xho I. The location of Tn5 in the genome was determinedLO501 and a 0.1-kb EcoRI/Xho I fragment; the remainder of the insert DNA of the two plasmids was exclusive of each other.
Complementation of Strain L0501 with pCA1 and pBL33. pCA1 and pBL33 were each introduced into mutant strain LO501 by conjugation as described in Materials and Methods. Transfer ofpCA1 and pBL33 into strain L0501 occurred at a frequency of 1.2 x 10-4 and 2.5 x 10-3 per recipient, respectively, as discerned by the frequency of Tcr colonies from the conjugal matings (Table 1) . Tcr colonies arising from the matings were treated with the "Nadi" reagent to test for complementation by the plasmid. Colonies of B. japonicum normally turn blue in the presence of this reagent (9, 25) , but mutant strain L0501 colonies remain white due to the absence of cytochrome aa3, which is required to catalyze the oxidative synthesis of an indophenol blue compound from a-naphthol and Me2PD (9) . It was observed that L0501 transconjugant colonies containing pCA1 turned blue in the presence of the Nadi reagent at a frequency of 1.0 (Table 1) . Strain L0501 transconjugant colonies harboring pBL33, however, remained white in the presence of the Nadi reagent (Table 1) , as was found for the mutant strain containing the vector pLAFR1. These data show that pCA1 was able to complement strain L0501 in trans; if complementation only occurred by homologous recombination of pCA1 DNA into the genome, then a much lower frequency of complementation would have been observed.
It was previously found (9) 
DISCUSSION
In the present study, a gene was isolated from the B. japonicum genome that is required for the expression of cytochrome aa3. This gene was contained on a 7.7-kb DNA fragment cloned into the broad host range plasmid vector pLAFR1. The recombinant plasmid pCA1 was able to complement the cytochrome aa3-deficient mutant strain L0501 by several criteria. Absorption spectra and respiration measurements showed that the mutant strain L0501 harboring pCA1 synthesized cytochrome aa3 and that this oxidase was enzymatically active. It was also demonstrated that the L0501 cells that received pCA1 by conjugation with an E. coli donor had cytochrome aa3 activity at a frequency of 1 (Fig. 4) . The size of the gene mutated in strain L0501 is not yet known, but it must extend at least from the TnS insertion to some point past the Xho I restriction site 0.8 kb away since pBL33 could not complement L0501 (see Fig. 4 ).
To date, the only previous genetic information on any bacterial cytochrome oxidase at the molecular level is the mapping and cloning of the cytochrome d gene of E. coli (26, 27) . The acquisition of a B. japonicum cytochrome aa3 gene in the present study was facilitated by the availability of broad host range cloning vectors such as pRK290 (20) and its derivatives (18, 19) as well as the ability to assay a large number of mutant colonies for cytochrome aa3 activity (9) . Since most bacteria contain multiple oxidases, mutations in these enzymes do not always result in an altered phenotype that can be easily screened. Oxidase mutants of Rhodopseudomonas capsulata (28) , Azotobacter vinelandii (29), Paracoccus denitrificans (10), and Pseudomonas aerogenes (30) have been obtained, but only recently have any of these organisms become amenable to molecular genetic manipulations. Characterization of the cytochrome aa3 gene of B. japonicum isolated in the present study should provide a useful tool for understanding the regulation of oxidase expression at the genetic level.
Note Added in Proof. Genomic DNA from Paracoccus denitrificans has been isolated that is homologous to the gene encoding subunit III of the eukaryotic, mitochondrial cytochrome c oxidase (31) . Subunit III is absent in the purified P. denitrificans oxidase.
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